Abstract: This paper introduces a new study on cost optimization of surface grinding. In the study, the effects of grinding parameters including the dressing regime parameters, the wheel life and the initial grinding wheel diameter on the exchanged grinding wheel diameter which were investigated. In addition, the influence of cost parameters including the machine tool hourly rate and the grinding wheel cost were taken into account. In order to find the optimum exchanged grinding wheel diameter, a cost optimization problem was built. From the results of the optimization problem, a model for determination of the optimum exchanged grinding wheel diameter was found. By using the optimum diameter, both the grinding cost and grinding time can be reduced significantly.
Introduction


Grinding is a machining process which uses a grinding wheel as a cutting tool. It is a major machining process which accounts for about 20-25% of the total expenditures on machining operations in industries [1] . As a result, there have been many studies that have been subjected to optimization of grinding process such as for external cylindrical grinding [2] [3] [4] , for surface grinding [5] [6] [7] and for internal grinding process [8] [9] [10] .
In practice, grinding machines with fixed revolutions of grinding wheel are used widely, especially in developing countries because of their low cost. Also, in grinding process, during the wheel lifetime, the diameter of grinding wheel will reduce gradually because of the wheel wear and dressing. Therefore, with this kind of machines the grinding wheel peripheral speed will decrease and the grinding time as well as the grinding cost per part will increase. From that point of view, the effect of the exchanged grinding wheel diameter on the total grinding cost should be taken into account in the optimization problem of grinding process for optimum  Corresponding author: Vu Ngoc Pi, Ph.D., main research fields: abrasive machining, optimum design. using of this kind of machines.
From previous studies, it was learned that, until now, there is still lack of study on the optimization of surface grinding process which take into account the effect of the exchanged grinding wheel diameter. This paper introduces a cost optimization study for surface grinding. In the study, the influences of many grinding process parameters as well as cost components were taken into account. Also, a new and effective way of using the surface grinding wheel was proposed. Using this way, both the grinding cost and grinding time can be reduced significantly.
Cost Analysis for Surface Grinding Process
In surface grinding process, the manufacturing single cost per piece sin C can be determined as Eq. (1): 
where, c l is the calculated grinding length (mm); 
The work feed rate f v depends on the required roughness grade number and the grinding wheel width . From the tabulated data for determining the work feed rate [13] , the Eq. (7) 
The downfeed d f is determined by the Eq. (8) [13]: 
Optimization Problem
For surface grinding process, the cost optimum problem can be expressed as the Eq. (24): sin , min ( )
with the following constraints: From Eqs. (1), (24) and (25), a computer program was built for determining the optimum of the exchanged grinding wheel diameter in order to get the minimum grinding cost. The data of the constraints used in the program were chosen: 
Results and Discussions
The relation between the exchanged grinding wheel diameter and the manufacturing single cost per part were shown in Fig. 2 . The data used in this example were: ( Fig. 2 ). This value is called "optimum diameter". It was noted that the optimum diameter was much larger than the traditional exchanged diameter. In this case, the optimum diameter was 335 mm (Fig. 2) while the traditional exchanged diameter was about 220 mm. Also, with the optimum diameter the grinding cost per piece was 0.072 (USD/p.) when it was 0.08 (USD/p.) with traditional exchanged diameter (220 mm). Calculating for the grinding time, with optimum diameter it was 1.03 (min/p.) and with the traditional exchanged diameter it was 1.20 (min/p.). Consequently, in this case, grinding with optimum diameter can reduce the grinding cost for 10% and the grinding time for 14.17%.
The influences of grinding process parameters as well as cost parameters on the optimum diameter were investigated. It was found that the optimum diameter depends on the machine tool hourly rate (Fig. 3a) , the grinding wheel cost gw C (Fig. 3b) , the radial grinding wheel wear per dress (Fig. 3c) , the wheel life (Fig. 3d) , the total depth of dressing cut (Fig. 3e ) and the initial grinding wheel diameter (Fig. 3f) . In addition, the optimum diameter depends strongly on the initial grinding wheel diameter. It was also found that the optimum diameter does not depend on the required tolerance grade. This is because the downfeed d f , which is affected by the required tolerance grade, does not depend on the grinding wheel diameter (Eqs. 
Conclusion
A study on cost optimization of surface grinding was carried out. The cost structures for surface grinding process were analyzed. Also, the influences of cost components as well as grinding process parameters on the optimum exchanged grinding wheel diameter were investigated. In order to determine of the optimum exchanged diameter for getting the minimum grinding cost, a computer program was built. From the results of the optimization program, a regression model for calculation of the optimum exchanged diameter was proposed. Grinding with optimum diameter can save a lot of both the grinding cost and the grinding time. Besides, by using an explicit model, the optimum diameter for surface grinding process can be determined very simply.
